Aim: Several consensus guidelines recommend against routine brain imaging at diagnosis of T1-3N0 nonsmall cell lung cancer (NSCLC). Methods: From the Surveillance, Epidemiology and End Results registry, patients with pathologically confirmed T1-3N0 NSCLC were identified. Risks of brain metastases at time of initial diagnosis were analyzed. Results: Patients selected to not undergo primary NSCLC resection had approximately tenfold greater incidence of brain metastases versus those who did. Younger age, adenocarcinoma histology, higher tumor stage and higher histologic grade were all significantly (p < 0.0001) associated with greater likelihood of presenting with brain metastases. Conclusion: Given the morbidity and mortality of brain metastases, routine brain screening after NSCLC diagnosis (particularly adenocarcinoma) may be justifiable, though more refined cost-benefit analyses are warranted.
imaging. These numbers were obtained from a 1997 American Thoracic Society and European Respiratory Society Consensus Report [20] , though that report did not specify the NSCLC stage(s) associated with a 3% rate of occult brain metastases. Also, these numbers represent the use of head computed tomography for brain staging, and therefore are now outdated given the greater accuracy of brain MRI versus computed tomography in detecting brain metastases [21] . A 1999 study from Japan (with patients treated from 1982 to 1996) [22] , also cited by STS, showed low rates of brain metastases (10 of 754) in patients with T1-2N0 NSCLC; while some patients underwent brain MRI, most had had head computed tomography for staging. A 2013 evidence-based report from the American College of Chest Physicians [23] describe a low yield (0-10%) of imaging for brain metastases in patients with NSCLC and a negative neurologic examination, and concluded that 'use of routine (brain) MRI in staging patients with NSCLC and negative clinical evaluations has not been studied adequately. ' We aimed to estimate the frequency of brain metastases in the setting of lymph node-negative T1-3 NSCLC, and to compare the tumor characteristics of this population to those without brain metastases. We hypothesized that the risk of brain metastases would be large enough to warrant consideration of brain imaging for those with T2-3N0 disease (as suggested by NCCN guidelines), and that tumor stage, adenocarcinoma histology and other patient and tumor-related factors (such as age, race, sociodemographic status and tumor grade) would impact these risks.
Methods

Patient database
The SEER Program collects information from population-based cancer registries throughout the USA. Serial registry data are de-identified and submitted to the National Cancer Institute on a biannual basis.
Patients were selected from within the SEER-18 registries using the SEER-Stat case listing session, with the following criteria: patients diagnosed from 2010 to 2016 with stage T1-3N0 (American Joint Committee on Cancer -AJCC-version 7) NSCLC primary site as the first or only cancer registered to the SEER program, with pathologically confirmed diagnosis of adenocarcinoma or squamous cell carcinoma (ICD-O-3 codes 8050-8084/3, 8140/3, 8255/3, 8260/3 or 8310/3) histology. Only patients with known surgical status (i.e., whether or not they underwent cancer-directed surgery) were included (in order to subgroup patients by this factor, as the rates of brain metastases in patients selected to undergo resection was expected to relatively low). Autopsy only/death certificate cases were excluded. Cancer-directed surgery indicates resection of the primary NSCLC (which was confirmed with the coding in the 'RX Summ-Surg Prim Site (1998+)' field). Patient, tumor and treatment characteristics were analyzed.
The SEER program captures information, at the time of initial diagnosis, on the presence or absence of metastases to the liver, lung, bone or brain. In 2016, SEER added a nonregional (distant) lymph node metastasis category; prior to 2016, information on nonregional node metastases was recorded in the 'CS mets at dx (2004-2015)' field. In 2016, SEER also added a field for 'other' metastases, which includes pleural effusions and pleural foci, pericardial effusions, metastases to nonliver abdominal organs and other sites. Prior to 2016, information on other metastases was also captured in the 'CS mets at dx (2004-2015)' field, with certain codes specifying the presence or absence of nonregional nodes and/or pleural effusions/foci and/or pericardial effusions; however among those patients diagnosed prior 2016 with brain metastases and without liver, lung, bone or nodal metastases, it cannot be determined if those registered as having 'other' sites in the 'CS mets at dx (2004-2015)' field had only brain metastases or had brain and other sites of metastases. Therefore, for this study, it was considered to have been unknown if those patients had other sites of metastases (other than brain metastases).
Patients were grouped into those without metastatic (M0) disease, those with brain metastases without known or recorded sites of other metastases, those with brain metastases who also had other sites of metastases at diagnosis, and those without known brain metastases who had other sites of metastases recorded in the SEER program. *Excluding patients for whom the presence or absence of brain metastases was registered as "unknown". Table 1 summarizes the patient, tumor and treatment characteristics of the study patients. The median age at the time of diagnosis was 70 years. Because the patient, tumor and treatment characteristics differed greatly between the groups of patients who underwent resection of NSCLC versus those who did not (indicative of expected selection biases between these two groups), and because the incidence of brain metastases differed greatly among those selected to undergo resection of NSCLC versus those who did not (presented below), patients were grouped by this factor. Those who underwent resection of NSCLC were significantly (p < 0.0001) younger, more likely to be white and more likely to reside in countries with greater education and income. The tumors of those who underwent resection were significantly more likely to be adenocarcinoma, right-sided, lower tumor stage and lower histologic grade (p < 0.0001 for each factor). Patients who underwent resection of NSCLC were markedly and significantly more likely to have had regional lymph nodes pathologically examined, less likely to have undergone radiotherapy and more likely to have undergone chemotherapy (p < 0.0001 for each factor).
Results
Patient & tumor characteristics
Rate of brain metastases
Among all 49,495 patients with T1-3N0 NSCLC, 2661 (5.4%) had brain metastases at time of initial diagnosis, of whom more than half (57.0%) had no other metastatic sites registered to the SEER program. Excluding 828 patients with metastatic disease, but with no specific metastatic sites registered in the SEER program, resulted in similar findings. For patients with T1N0, T2N0 and T3N0 NSCLC, 650 of 21,063 (3.0%), 1244 of 19,172 (6.5%) and 767 of 9260 (8.3%) presented with brain metastases, respectively ( Figure 1 ).
For patients with adenocarcinoma 2242 of 16,470 (13.6%) presented with brain metastases, versus 419 of 8246 (5.1%) with squamous cell carcinoma. Figure 1 shows the incidence of brain metastases grouped by tumor stage. Table 2 summarizes the patient, tumor and treatment characteristics of patients who underwent resection of NSCLC, grouped by whether or not they presented with metastases, and what metastatic sites were involved (brain with no other known sites, brain and other sites, other sites without known brain metastases). Of 25,357 patients, 217 (0.9%) presented with brain metastases at the time of initial diagnosis; most (181 of 217; 83.4%) had no 2 test comparing distribution of variable among patients undergoing vs those not undergoing cancer-directed surgery of primary lung cancer. ‡ All 143 patients with 'bilateral' non-small cell lung cancer had metastatic disease (n = 108 with lung metastases); therefore, bilateral is likely indicative of contralateral primary and metastatic site(s). However, with correct coding for laterality, all T1-3N0M0 non-small cell lung cancer would by unilateral). other sites of metastases; thus approximately 0.7% had T2-3N0M1 with brain metastases and no other apparent (or registered) metastatic sites. Table 3 summarizes the patient, tumor and treatment characteristics of patients who did not undergo resection Table 4 . Univariate relationship of patient and tumor characteristics and significance of association with brain metastases in patients with no other known sites of metastases.
Characterisitcs p-values
Patients who underwent resection of NSCLC Patients who did not undergo resection of NSCLC
Year of lung cancer diagnosis p = 1.0 p = 0.07
Race (nonwhite † ) p = 0.71 p Ͻ 0.0001
County %ϽHS education* p = 0.74 p = 0.94
County income* p = 0.60 p = 0.15
Laterality (left sided † ) p = 0.85 p = 0.022
Grade (grade 3-4/unknown † ) p Ͻ 0.0001 p Ͻ 0.0001
Regional nodes examined (no † ) p Ͻ 0.0001 p Ͻ 0.0001 † Factors associated with greater risk of brain metastases.
p-values of comparison between M0 group and those with brain metastases and those no other known sites of metastases. Univariate analyses using 2 test (for categorical variables) or t-test (for continuous variables, as denoted by *).
of NSCLC, grouped as described above for Table 2 . Of 23,310 patients, 2444 (10.5%) presented with brain metastases at the time of diagnosis; the majority (1335 of 2444; 54.6%) had no other sites of metastases; thus approximately 5.7% had T1-3N0M1 with brain metastases and no other apparent (or registered) metastatic sites. Table 4 summarizes the significance of the comparison of patient and tumor-related factors between patients presenting with M0 disease versus those presenting with metastases to the brain and no other sites of metastases registered to the SEER program. Patients with M0 disease were significantly (p < 0.0001 for each factor) more likely to be older in age, with squamous cell cancer histology, lower tumor stage and lower histologic grade, for both groups (those who underwent resection of NSCLC and those who did not). Among those who did not undergo resection of NSCLC, patients with M0 disease were significantly (p < 0.0001 for each factor) more likely to be white race and with right-sided (versus left sided) primary NSCLC, albeit with small absolute differences for these factors. The sociodemographic measures of income and education within the county of residence were not significant factors for risk of brain metastases at initial diagnosis, nor was the year of NSCLC diagnosis (albeit within a narrow range of 2010-2016). While differences between these two groups in radiotherapy and chemotherapy use were highly significant (and readily apparent in Tables 2 & 3) , we opted to not include these factors in Table 4 , as any potential association of these factors is directly related to the treatment choice for patients with versus without brain metastases (as opposed to these factors impacting risk of brain metastases). While this may also be true for regional lymph node sampling (i.e., those initially diagnosed with brain metastases would be less likely to benefit from, and therefore undergo, regional node sampling), we opted to include this information in Table 4 (showing significant differences between groups) as it correlates with the completeness of NSCLC staging. Table 5 shows a multivariable logistic regression adjusting for age, race, histology, tumor stage, grade and regional node assessment, grouped by whether or not the patients underwent resection of NSCLC. For both groups, greater tumor stage (T2-3 vs T1) and higher (or unknown) pathologic grade were associated with a >twofold greater likelihood of having brain metastases (in the absence of other metastases); no or unknown evaluation of regional nodes and age <70-year old were associated with >threefold risk, and adenocarcinoma histology was associated with 3.8-fold and sixfold risk for patients who underwent versus did not undergo resection of NSCLC.
Univariate & multivariable analyses
Omitting race (which was not a significant factor) and/or regional lymph node evaluation (which is not an a priori risk factor) from the logistic models did not appreciably change the ORs (<10% change in all ORs in the group who underwent resection of NSCLC, and <3% in the group who did not undergo resection) with the ORs falling within the 95% CIs of those shown in Table 5 , and with the p-values remaining <0.0001 for all of the significant variables (data not shown in Table 5 ). Omitting those patients with race, grade and/or regional lymph node assessment registered to SEER as "unknown" did not appreciably change the results (see footnotes in Table 5 for numbers). Because of the large numbers of patients with unknown grade (particularly in the group that did not Among patients with no known metastases (n = 38,317) or metastases to the brain with no other known sites (n = 1516): in Group 1, there were 106, 1,369 and 32 patients with unknown race, histologic grade and regional node assessment, respectively, and 1483 of 24,897 (6%) patients had one or more of these unknown factors; in Group 2, there were 28, 6,850 and 48 patients with unknown race, histologic grade and regional node assessment, respectively, and 6884 of 14,936 (46%) patients had one or more of these unknown factors. Small (Ͻ10%) changes in the ORs, and no changes in the p Ͻ 0.0001, resulted from omitting patients with unknown variables of race, grade (accounting for most of the patients with unknown factors) and/or regional lymph node assessment, except for the OR for T stage among those patients who did not undergo resection of NSCLC, which increased 20% from 2.68 (95% CI: 2.35-3.06) to 3.23 (95% CI: 2.61-4.00; data not shown above). OR: Odds ratio; SCCa: Squamous cell carcinoma.
undergo resection of NSCLC), and the small impact on the logistic models with ignoring these patients, a model with multiple imputations was not pursued (nor was it in a similar, recently published analysis [11] ). From a logistic regression including selection to undergo resection of NSCLC as a factor, along with age, histology, grade, tumor stage and lymph node sampling, the OR for no resection was 8.1 (95% CI: 6.4-10.2), on the same order as the estimated tenfold crude difference described above.
T1N0 adenocarcinoma
For patients with T1N0 adenocarcinoma and no nonbrain metastases (for whom the NCCN or STS do not recommend brain imaging in the absence of neurologic symptoms), 268 of 6837 (3.9%) patients <70-year old and 123 of 6273 (2.0%) patients ≥70-year old presented with brain metastases at initial diagnosis (although data on possible neurologic symptoms are not available in the SEER program). Among those who did not undergo resection of NSCLC, these rates were 219 of 1377 (6.9%) and 114 of 2476 (4.6%) for those <70and ≥70-year old, respectively.
Discussion
We have shown, in a modern series of patients, that >5% of patients with T1-3N0 NSCLC present with brain metastases at the time of initial diagnosis; a majority of those patients with brain metastases have no other sites of known metastases at the time of initial NSCLC staging. A greater than threefold risk of presenting with brain metastases was associated with the factors of age younger than 70-year old, adenocarcinoma histology, T2-3 (versus T1) stage and higher histologic grade. Patients selected to not undergo resection of NSCLC were >tenfold more likely to have had brain metastases (10.5 vs 0.9%) and >eightfold more likely to have had brain metastases with no other known sites of metastases (5.7 vs 0.7%); these findings likely reflect a general opting against lung resection in patients with known brain metastases (as discussed below). It is also notable that patients <70-years in age, with T1N0 adenocarcinoma, had a ∼4% risk of having brain metastases; this risk warrants consideration of routine brain imaging for patients who fall within this group, contrary to NCCN and NICE guidelines, and the STS Choosing Wisely statement.
Other studies have analyzed risks of brain metastases in patients with lymph node-negative NSCLC. In a study of 131,456 patients diagnosed from 1988 to 1997 and registered to the SEER program, the use of brain radiotherapy was used as a surrogate for the presence of brain metastases [12] ; of 34,835 patients with N0 disease, 4.4% had undergone brain radiotherapy, similar in magnitude to what is reported in this study. Notably, the patients in this study were more recently diagnosed, and were explicitly coded for the presence of absence of brain metastases. In a relatively small retrospective study from Japan, 6 of 46 (13%) patients diagnosed with T1-2aN0 NSCLC (from 2012 to 2016) had brain metastases, with only 1 of 6 being symptomatic [24] . In contrast, a study from Australia in which 718 patients (from 2011 to 2015) underwent body positron emission tomography/computed tomography and brain imaging [25] , only 2 of 302 (<1%) patients with N0 disease had brain metastases detected compared with 16 of 413 (4%) with N1-3 disease, p = 0.019. In a hospital-based National Cancer Data Base registry study [11] , 10.4% of 457,481 patients diagnosed with NSCLC (from 2010 to 2012) presented with brain metastases, as did 5.1% of 204,203 patients with N0 disease (similar in magnitude to what is shown here in this study, albeit including patients with T4 disease). In the NCBD study, compared with squamous cell carcinoma histology, adenocarcinoma was associated with a threefold greater risk of brain metastases; younger age, greater tumor size, node positivity (hazard ratio of ∼2) and higher tumor grade were all also significantly (p < 0.001) associated with greater risk of presenting with brain metastases. This study did not specifically analyze risk factors among those with N0 disease.
We chose to specifically exclude patients with lymph node positive disease, due to their higher risk of brain metastases. In a retrospective study of 193 patients [26] , greater lymph node stage, multilymph node involvement and lymph node size >2 cm were significantly adverse risk factors for harboring asymptomatic brain metastases; lymph node size remained significant on multivariate analysis (p = 0.009). Node positivity also impacts the risk of developing brain metastases in those patients who initially present with nonmetastatic NSCLC. A retrospective study of 975 patients with T1-2N0-1M0 NSCLC (using the 6th edition of AJCC staging), showed that the 5-year risk of developing brain metastases is 10%, and that the absence of hilar nodal involvement was associated with approximately 1.2-fold (p < 0.04) decreased risk [8] . In a SEER-based study, confined to the Metropolitan Detroit region (for which follow-up data on cancer control was available), 9% of 34,681 patients with initial nonmetastatic NSCLC developed brain metastases over a 39-year follow-up [27] . Localized disease (i.e., without nodal involvement or extension to regional sites) was associated with a >1.5-fold (p < 0.0001) decreased risk of developing brain metastases.
Strengths of this study include the large number of patients from recent years, obtained from population-based data. These numbers should reflect 'real-world' estimates of rates of brain metastases, and factors affecting those rates.
There are several limitations inherent in any retrospective study from a population-based registry. In the SEER program, there are no data on: comorbidities; oncogene receptor or mutation status; programmed death-ligand 1 expression; presenting symptoms (if any) of the primary NSCLC or brain metastases; the type or extent of lymph node sampling performed (if done); the use of positron emission tomography for staging; the use, and type of brain imaging; the extent of brain metastases; the extent of extracranial metastases; or whether or not patients without neurologic symptoms underwent brain imaging and/or intracranial resection. While EGFR positive, anaplasticlymphoma-kinase rearranged and ROS1-mutated NSCLC (predominantly adenocarcinomas) represent a minority of NSCLC, these oncogene mutations (particularly ALK) are associated with a high incidence of brain metastases, and therefore may impact decision-making for staging with brain imaging [28] [29] [30] [31] [32] . Another limitation is the potential under-reporting of metastatic sites in the SEER program.
Some patients registered as having M0 disease may have harbored asymptomatic brain metastases and not undergone brain imaging. Thus, the true incidence of brain metastases at diagnosis may be underestimated in this analysis. Among those with brain metastases who did not undergo resection of NSCLC, some may have been considered for resection had they not had brain metastases. However, the much greater difference in rates of brain metastases in patients who did versus did not undergo resection is most likely attributable to patients with diagnosed brain metastases not being offered resection of their NSCLC, given the potential morbidity of thoracic surgery and poor survival associated with brain metastases from NSCLC [14] . Among those patients who underwent resection of NSCLC, some may have been diagnosed with brain metastases shortly after surgery (and perhaps not been recommended to undergo resection had that information been known); others may have been diagnosed prior to surgery and opted to be treated aggressively. In a retrospective study of 585 patients with resected NSCLC, among the 25 (5.3%) of patients diagnosed with brain metastases, 20 (80%) were diagnosed after surgery, with the authors concluding (from a small group of patients) that preoperative staging of the CNS may change management in some patients [33] . Because of these and many other confounding factors, we opted against analyzing survival outcomes.
Conclusion
In conclusion, patients with lymph node-negative NSCLC are at risk of harboring brain metastases at diagnosis, with younger age, greater tumor stage, adenocarcinoma histology and higher grade associated with greater risk. Not undergoing resection of NSCLC and lack of pathologic sampling of lymph nodes were also associated with greater likelihood of brain metastases, probably largely due to patient selection (i.e., presence of brain metastases reducing the need for nodal sampling and/or resection). Given the morbidity and mortality of brain metastases [34] , consideration for routine brain imaging in patients with node-negative NSCLC seems warranted, particularly in younger patients with more advanced tumor stage and adenocarcinoma histology. More refined risks accounting for the burden of disease, costs of imaging and costs of potentially untreated brain metastases (i.e., in undiagnosed asymptomatic patients) warrant further study [34] . Large, population-based analyses, restricted to patients with T1-3N0 NSCLC and without new-onset neurologic symptoms, are also needed.
Future perspective
To best ascertain the incidence of brain metastases from NSCLC, prospective MRI would be optimal. In addition to the aforementioned clinical-pathologic correlates of risks of brain metastases, the study of genomic correlates to risk is an opportunity for future study and eventual adoption into clinical practice. As described in the discussion, oncogene receptor or mutation status (i.e., EGFR, ALK, ROS, PDL), which are performed routinely in many practices, can provide insight into risk of brain metastases (which are generally higher). Additional genomic correlates (yet uncharacterized) of greater propensity to develop brain metastases warrant further study. While brain metastases may be characterized by different genomic signatures than primary cancers [35] , it is conceivable that certain genomic patterns (single nucleotide polymorphisms or genome-wide association) of the primary cancer can signal a greater risk of brain metastases. The financial costs of such testing would certainly need to be weighed against the costs of imaging though.
Summary points
• Several studies have examined the risk of brain metastases if patients with NSCLC, though population-based data specific for patients with node-negative NSCLC are lacking. • Consensus guidelines for brain imaging in newly diagnosed NSCLC differ, with some guidelines based on outdated data. • We show that, particularly for adenocarcinoma, risks of brain metastases are appreciable and may warrant consideration of brain imaging. • Other factors associated with risks of brain metastases include younger age, higher grade and higher tumor stage.
• Patients with node-negative NSCLC (particularly adenocarcinoma) can be considered for staging with brain imaging. • However, more refined cost-benefit analyses are warranted.
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